We study numerically the interaction of the infalling gas stream and the rim of the accretion disc in cataclysmic variables. The simulations were performed with a smoothed particle hydrodynamics scheme with high spatial resolution. Parameters of the systems AM CVn, OY Car, DQ Her, U Gem and IP Peg were used for the simulations. The simulations cover a wide range of orbital periods, mass ratios and mass transfer rates, as well as different thermal states of the accretion disc. The main result of this study is that the accretion stream is not stopped at the impact region (the bright spot at the outer rim of the disc). In fact, after undergoing the shock interaction, most of the matter is deflected vertically and flows in a more or less diffuse stream to inner parts of the disc, hitting the disc surface close to the circularization radius at orbital phase 0.5. This is a common feature in all systems for all simulated parameters. This stream overflow can cause the X-ray absorption dips observed in cataclysmic variables (CVs) and low-mass X-ray binaries (LMXBs) around orbital phase 0.7, if the inclination is at least 658. Under certain circumstances, namely a sudden increase of the mass transfer rate from the secondary or a rather small disc, parts of the overflowing stream bounce off the disc surface after hitting it at orbital phase <0.5. Another absorption region can be expected around orbital phase 0.2.
I N T R O D U C T I O N
Cataclysmic variables (CVs) are close binaries with mass transfer from the secondary to the primary. The donor, a low-mass, latetype main-sequence star, fills its Roche lobe and loses mass to the accretor, a white dwarf (WD). In many CVs the magnetic field strength of the WD is so small that it can be neglected. In this case the overflowing matter forms an accretion disc around the WD, and the accretion process is governed by the viscous evolution of the disc.
In the dwarf novae (DNe), a subgroup of the CVs, the accretion disc often dominates the optical light curve. Occasionally, the accretion disc undergoes outbursts, i.e. increases in brightness of about 2 to 5 mag, lasting from days to weeks. In these outbursts most of the material stored in the disc during the previous quiescent period is accreted on to the WD surface. Our understanding of the mechanism of these outbursts is still somewhat rudimentary. One of the largest problems is the origin of the viscosity that is necessary to explain the observed behaviour of the disc, during outburst as well as during quiescent states.
Another aspect of the physics of accretion discs in close binaries that has received less attention but is equally interesting ± and yet poorly understood ± is the interaction of the infalling gas stream with the rim of the accretion disc. As both flows, the stream and the disc, are highly supersonic, the development of shock fronts is expected at the impact zone.
This interaction region, the so-called`bright spot' or`hot spot', can be seen in many high-inclination CVs, e.g. U Gem (Krzeminski 1965 ) and Z Cha (Wood et al. 1986) , as a hump in the orbital light curve shortly before the eclipse of the WD. In quiescence, the light from the bright spot can dominate the light from the disc, whereas in outburst the bright spot is no longer visible.
With the help of eclipse analysis and eclipse mapping, the location and dimension of the bright spot for different systems have been found (for a detailed discussion, see Warner 1995a, chapter 2.6.5). The bright spot generally turns out to be an elongated region along the edge of the disc. Its angular extent varies from about 78 to 408 depending on the particular system and the current state the system is in. Cook & Warner (1984) concluded from eclipse profiles of Z Cha that the bright spot region extends to inner parts of the disc and must be caused by stream overflow.
From the large range of different bright spot sizes, locations and intensities, and their variability, it is already clear that the underlying physics is rather complex and has to be approached by numerical simulations. Closely related to the bright spot ± and central to this paper ± is the question of how much of the infalling gas stream is stopped at the edge of the disc and stored there, and how much of the stream can flow over and under the disc surface to inner parts of the disc.
Observationally, there are several features seen in CVs and lowmass X-ray binaries (LMXBs) that can be explained by stream± disc overflow. In CVs the accretion stream reveals itself by its high velocity in Doppler maps and phased spectra (Lubow 1989; Shafter, Hessman & Zhang 1988; Hellier & Robinson 1994) . Furthermore, many CVs and LMXBs show so-called absorption dips in X-ray and UV around orbital phase 0.7 to 0.8. Some systems also show a shallower dip at about phase 0.1. The absorption dips at phase 0.7 can be explained if stream material overflows the disc at several disc scaleheights after being deflected by shock interaction at the bright spot region. The other dip at phase 0.1 is yet unexplained. Fig. 1 , taken from Hellier, Garlick & Mason (1993) , shows examples of X-ray absorption dips in LMXBs, DNe, and intermediate polars (CVs with a magnetic WD).
The hydrodynamics of the infalling gas stream was discussed in great detail by Lubow & Shu (1975 , 1976 . Once the mass loss rate of the secondary is known, along with the orbital parameters of the binary system, one can determine the gas stream trajectory together with the central density of the stream and its vertical and horizontal scaleheights. Hessman (1999) parametrized the results of Lubow & Shu. We use these results in setting up the accretion stream in the simulations. Lubow & Shu (1976) were the first to suggest that material from the accretion stream could flow over and under the disc in CVs. Livio, Soker & Dgani (1986) made three-dimensional (3D) simulations of the stream±disc overflow, using a particle-in-cell method with rather poor resolution and highly simplified input physics. They found that the degree of overflow depended upon the shear viscosity. Armitage & Livio (1996 , 1998 made hydrodynamic simulations of the stream±disc impact with an SPH code and with a gridbased code. The SPH simulations, using an isothermal equation of state, produce significant stream±disc overflow. This overflow might explain the absorption dips observed in many LMXBs and CVs around phase 0.7. They do not find any absorption around phase 0.1, though. The later simulations with a grid-based code are confined to a small region of the disc and the stream. The rate of overflow is found to depend strongly upon the efficiency of cooling in the shock-heated gas. In the case in which cooling is efficient a portion of the stream can overflow on ballistic trajectories towards smaller radii. When cooling is inefficient, the infalling matter flows in all directions after the impact on the disc rim and no coherent stream over the disc is seen. Hessman (1999) used vertical disc structures from a-disc codes and stream structures according to Lubow & Shu (1976) to compare the relative scaleheights of the stream and the disc in different types of systems, finding that the rate of overflow depends strongly on the thermal state of the disc rather than on orbital period or viscosity. Cold, optically thick quiescent discs are expected to have overflow mass fractions up to 10 per cent.
Still missing are numerical simulations of the stream±disc Orbital phase-folded X-ray light curves of the low-mass X-ray binaries XBT 0748-676 and XB 1916-053, the dwarf nova U Gem, and the intermediate polars FO Aqr, EX Hys, BG CMi and AO Pcs. One can see the X-ray absorption dips around orbital phase 0.7, as well as a second absorption dip around phase 0.1±0.2 in FO Aqr and XB 1916-053. (From Hellier et al. 1993.) impact with high spatial resolution, and simulations that take into account the further fate of the overflowing matter. For this purpose it is necessary to use the full Roche potential. Also lacking are comparable simulations for different kinds of systems with differing orbital periods, mass ratios and mass transfer rates. Our simulations of different systems cover a wide range of these parameters, and we hope to fill this gap to some extent. The remainder of the paper is structured as follows. In the next section we will briefly describe the numerical approach, namely the smoothed particle hydrodynamics method, as well as the setup of the stream and the disc for the simulations. In Section 3 we present the stars used for the simulations, comment on the principal differences of 2D versus 3D simulations, and demonstrate the effects of the artificial viscosity used in our code. In Section 4 we present the simulations of the stream±disc interaction in the systems IP Peg, DQ Her and U Gem. The dependence of the form and amount of stream overflow upon the mass transfer rate of the parameters, stream thickness, disc size and the thermal state of the disc is discussed in Section 5. A conclusion is presented in Section 6.
N U M E R I C A L A P P R O AC H

Smoothed particle hydrodynamics
Smoothed particle hydrodynamics (SPH) was introduced by Lucy (1977) and Gingold & Monaghan (1977) . It is a gridless Lagrangian particle method for the solution of the hydrodynamic equations. Instead of solving the equations on a grid, the fluid is modelled by small interacting packets of matter that move along with the flow and carry mass and momentum. Hydrodynamic variables such as density, pressure and temperature are assigned to each particle. The values of these quantities are determined by the interactions with the neighbour particles.
SPH is especially suited for the simulation of accretion discs because SPH can handle large density contrasts, open boundaries are easily implemented, and SPH possesses an adaptive resolution both by the variation of the interaction range of each particle and also by the particle mass. So it is possible to resolve the most interesting regions very fine. Readers interested in the basic principles of SPH find detailed reviews of the SPH method in Benz (1990) or Monaghan (1992) .
Artificial and physical viscosity
Most SPH codes use some form or other of the artificial viscosity introduced by Monaghan & Gingold (1983) to prevent particles from penetrating each other in 1D shock tube simulations. Later this viscosity was extended to two and three dimensions and used also to simulate shear viscosity. The artificial viscosity acts as an additional pressure term in the equation of motion. It only affects particles approaching each other. It consists of two terms, one linear and one quadratic in the relative velocities of the particles. The strength of the artificial viscosity is characterized by two numerical parameters a and b for the linear and quadratic terms, respectively. The common choices for these parameters are a 1 and b 2X
Tests with different values of the coefficients revealed that values of a 0 and b 2 are suitable for our needs. Most simulations were performed with this setting. The`standard' values a 1 and b 2 yield practically the same results.
Apart from the artificial viscosity, we also use a physical viscosity and implement the Navier±Stokes equation directly. The artifical viscosity term succeeds in modelling a viscous shear term when the flow is such that the shear tensor is dominated by only one term, s rw , as is often the case in simulations of 2D accretion discs. The physical viscosity (Flebbe et al. 1994) , on the other hand, is applicable in all kinds of situations. Siegler (1997) showed in high-resolution 2D SPH simulations that it is possible to resolve shocks without using any form of artificial viscosity. Unfortunately, the physical viscosity alone cannot stop particles from flowing through each other for the particle numbers used in these simulations. So for our simulations we used both kinds of viscosity. The physical viscosity introduces a shear into the disc and is needed to follow the long-time, large-scale viscous evolution of the disc. An additional artificial viscosity, namely the quadratic b term, is used to prevent particle interpenetration at the stream±disc impact site.
Energy and state equation
In our simulations we were not yet able to include any radiation transfer processes directly. As is usual in hydrodynamic simulations, the integration of an energy equation was circumvented by using a polytropic equation of state,
The value of the polytropic coefficient g was varied to allow for different thermal states of the disc (see also Section 4.2).
The infalling gas stream
Unfortunately, it is not feasible to model the infalling gas stream in a self-consistent way. In order to simulate the mass loss of the secondary at the inner Lagrangian point self-consistently, it would be necessary to build up the whole secondary star out of SPH particles, including self-gravity and the tidal field of the primary. The number of particles necessary for a sufficient resolution of the L 1 region would be truly astronomical. Instead, we use the theoretical results of Lubow & Shu (1975 , 1976 . In the first paper, they present a semi-analytical model for the mass loss mechanism of the secondary, assuming an isothermal flow. In the second paper, the vertical structure of the stream is examined. They find that because of the inertia of the gas, the stream cannot respond to the changing gravitation of the primary instantly while falling inward. Therefore, the scaleheight and width of the stream exceed their hydrostatic value. Hessman (1999) presented analytical fits to the results of Lubow & Shu, which we used in setting up the stream for the simulations.
The basic parameters for the accretion stream are the mass ratio of the system q M 2 aM 1 Y and the scaling parameter
which is the ratio of the isothermal sound speed at the surface of the secondary, c s (T 2 ), and the orbital velocity of the system, aV, with a being the binary separation and V the angular velocity. We make use of the following fitting functions for the vertical (H s ) and horizontal (W s ) scaleheights of the stream:
with the polynomial fits
to h 1 and w 1 , and the power-law fits
where R is the distance to the WD. These are good approximations for 0X05 < q < 0X5X Our simulations fit nicely in this range of mass ratios. The setup of the accretion stream is as follows. The mass transfer rate and the particle transfer rate are given as input parameters; the mass of each particle is derived thereof. Inserting the particles with random thermal velocity at the L 1 point would result in half of the particles falling back to the secondary. To prevent this, particles starting at the L 1 point are given an initial velocity according to the sound speed (<20 km s
21
) in the direction of the white dwarf. Alternatively, in some simulations the particles are inserted closer to the white dwarf, at an x distance of 85 or 90 per cent of the distance from the white dwarf to the L 1 point. The y and z coordinates of the inserted particles are randomly chosen in such a way as to fulfil a Gaussian distribution, centred on the trajectory of a free-falling test particle, starting with zero velocity at the L 1 point. The scaleheights of the initial y and z distributions are chosen according to equations (3) and (4). The initial velocity of all particles is set to the velocity of the corresponding free-falling test particle.
The accretion disc
In order to achieve a reasonable spatial resolution, the disc should contain at least 50 000 particles. Simply starting the simulation with an empty disc and waiting until some form of quasi-steady state is reached is far too time-consuming to allow for parameter studies.
This problem can be circumvented by making use of one of the more pleasant features of SPH. As the particles are actually to be interpreted as integration points rather than fluid particles, one is free to substitute a given particle distribution with another, equivalent distribution that represents the same physical situation, within the accuracy of the method. We use this feature by starting the simulation with only a few, rather massive particles and a relatively large interaction radius of each particle. After about 100 orbital periods a quasi-steady state disc has developed, i.e. the accretion rate roughly matches the mass transfer rate. With the particle number chosen here such a disc contains typically about 5000 particles. On a fast workstation it takes only a couple of days for the disc to reach this state.
Then the trick is to take a certain number of data sets of different time-steps and simply concatenate them to get a new single data set. One has to make sure that the time-steps are sufficiently apart from each other such that the particle distributions are not correlated. The flow in an accretion disc is dominated by the Keplerian motion around the WD. This ensures a rapid loss of correlations of particles. Tests have shown that a time separation of 0.1 orbital periods is enough for this purpose.
If we take, e.g., 10 data sets and concatenate them, the mass of each individual particle has to be divided by that factor. To keep the numerical accuracy, each particle should keep roughly the same number of interaction partners. This allows us in this case to reduce the smoothing length ± and thereby to enhance the spatial resolution ± by a factor of 10 3 p for a 3D simulation. In our experience it is not even necessary to include a relaxation step for the new particle distribution, owing to the stochastic nature of the positions of the particles.
S I M U L AT I O N S
In the previous section we have described how to produce a 3D disc in a Roche potential with an almost arbitrary number of particles in a relatively short time. With this procedure we obtain a disc that has undergone viscous evolution for about 100 orbital periods. Fortunately, to examine the stream±disc impact and subsequent stream±disc overflow, it is sufficient to follow the system for only a few orbital periods.
In order to enhance the spatial resolution further at the impact region and also to resolve the stream overflow to some degree, we use stream particles that are less massive than the disc particles. (Of course,`stream' particles become entrained in the disc after some time. In using the term`stream particles' hereafter we always refer to these less massive particles.) We have used mass ratios of 10, 20 and 40, and tested the results against simulations with particles of equal mass. Although the resolution of the stream overflow is very poor in the latter case, time-averaging of many time steps reveals the same amount of overflow and spatial distribution of the stream matter as in the simulation with lighter stream particles.
In Fig. 2 we show face-on and edge-on views of the particle distributions of the stream particles inserted during the last orbital cycle, for mass ratios of stream to disc particles m s /m d of 1/10, 1/ 20 and 1/40. For this simulation we used the ultra-short period, double-degenerate cataclysmic variable AM CVn. Because the mass transfer rate is the same in all three simulations, there are more particles inserted per orbital period for smaller m s /m d , but the distribution of the stream matter is the same in all cases.
These simulations can be compared with those of Armitage & Livio (1996) fig. 3 , one can see that in our case a greater part of the stream material flows over the disc; it also reaches a higher altitude. The difference is probably caused by the thicker disc and the large artificial viscosity in Armitage & Livio's simulation. In their simulation, the artificial viscosity also serves the purpose of modelling the physical shear in the disc. This is achieved by letting the artificial viscosity act on all particles, approaching and departing, within the interaction range. Therefore, stream particles deflected at the disc rim are decelerated when departing the impact region. This effect, together with the thicker disc, results in a smaller fraction of stream overflow.
The systems used in the simulations
We have used the physical parameters of five different close binaries for the simulations. The masses and orbital periods of these systems are listed in Table 1 . In order to get an impression of the relative sizes of the systems, their Roche lobes are plotted to scale in Fig. 4 . AM Canum Venaticorum is the type star for a small group of cataclysmic variables. Only six members of this group are known so far. Their common characteristics are ultra-short orbital periods, around 20 min, and helium-rich, hydrogen-deficient spectra. The systems consist of two helium white dwarfs, where the less massive (and therefore larger) component is filling its Roche lobe (Warner 1995b) . The mass loss leads to the formation of a helium accretion disc around the primary. The light curve exhibits numerous different periods. Only lately has its orbital period been established to be 1029 s (Harvey et al. 1998) , whereas the stronger period of 1051 s is ascribed to superhumps. We assume masses of M 1 1 M ( and M 2 0X15 M ( in our simulations.
OY Carinae is a dwarf nova below the period gap. Owing to its high inclination angle of <838, the white dwarf as well as the bright spot region are eclipsed during an orbit. This enables us to establish the masses, periods and geometry of the system components within relatively tight limits. The masses assumed here are M 1 0X696 M ( and M 2 0X069 M ( at an orbital period of 5454 s. The extreme mass ratio explains the nature of OY Car as an SU UMa star.
DQ Herculis is the type star for the DQ Her stars, a subgroup of intermediate polars. They contain rapidly rotating magnetic white dwarfs and show no hard X-ray emission. The white dwarf in DQ Her has a spin period of 71 s, whereas the orbital period of the system is 4 h 39 m . The masses of the components are not so well known and are set to M 1 0X6 M ( and M 2 0X4 M ( X Magnetic forces from the white dwarf are not included in the simulations, so the inner parts of the simulated accretion discs certainly do not resemble the real situation. On the other hand, the outer parts of the disc and the bright spot region are much less influenced by the magnetic field of the primary.
IP Pegasi and U Geminorum are`ordinary' dwarf novae, i.e. they show neither standstills nor superoutbursts. They have the same mass ratio M 1 1X15 M ( and M 2 0X67 M ( and similar orbital periods (3   h   48 m and 4 h 15 m , respectively). Here we show a close-up of the impact region. The disc is seen edge-on. The disc particles are plotted as points, whereas the stream particles are plotted as vectors. The stream is deflected vertically and azimuthally (not visible here); most of the matter flows over and under the disc to inner regions. A similar simulation by Armitage & Livio (1996) , using a thicker disc and large artificial viscosity, shows considerably less overflow (see text). For clarity, we show only particles inserted during the last orbital period (`stream particles'). Not shown are the more massive particles that build up the disc (`disc particles'). This makes it easier to follow the distribution of the stream particles. The upper part of each panel displays an edge-on projection of the stream particles on to the orbital (x±y) plane. The lower part shows the projection of the stream particles on to the plane perpendicular to the orbital plane and through the system axis (x±z plane, the secondary is to the left). The form of the flow and the distribution of the particles are practically identical in all simulations. This shows that these SPH simulations with rather large differences in particles masses yield consistent results.
2D versus 3D simulations
Obviously it is not possible to study the stream±disc overflow in 2D simulations. Nevertheless, it is very instructive to compare the results of a 2D simulation with those of a 3D simulation. In Fig. 5 we present the results of such simulations using the system parameters of DQ Herculis. The differences are quite striking. First, the 3D disc is somewhat bigger than the 2D disc. Furthermore, the 3D disc is elongated perpendicular to the system axis. This is a sign of the tidal influence of the secondary. Both discs show dense structures at the outer rim, but they are different in nature. In the 2D simulation, matter of low specific angular momentum is stored at the disc rim, effectively stopping radial disc growth, and even sending spiral density waves to smaller disc radii. The 3D disc, on the other hand, is not stopped from growing by the stream, but by the tidal influence of the secondary. The dense structures at the rim are tidal features and are not caused by the infalling stream. That this is indeed the case can easily be seen by looking at the plots on the right-hand side of Fig. 5 . In the 2D simulation, particles from the stream are trapped at the rim of the disc. This is not surprising, because they have no freedom to flow over the disc and cannot flow through the disc, either. The behaviour of the infalling matter in the 3D case is completely different. The stream hits the disc rim, undergoes a shock, and is deflected. One can distinguish three different regimes of the deflected flow. Some material is entrained with the disc rim, as in the 2D case. But here, this is only a small fraction of the total stream material. Most of the material seems to flow freely to the inner disc and settles around the circularization radius, i.e. the radius of the Kepler orbit with the same orbital momentum as the L 1 point. This is obviously only a projection effect. When the disc is seen edge-on (see e.g. Fig. 3 , where a close-up of the stream±disc impact region is shown), it becomes clear that the stream is elevated above the disc surface at the stream±disc impact point, re-hits the disc surface approximately at orbital phase 0.5, and is settling at small disc radii. Finally, there is a diffuse spray of matter, neither trapped at the edge nor belonging to the main overflowing stream. This matter settles at all disc radii. The large difference between 2D and 3D simulations here originates in the use of the b term of the artificial viscosity in the 2D case, which prevents the stream particles from crossing the trajectories of the disc particles. Without this term, the stream can flow through the disc, resulting in a 2D particle distribution looking similar to the projected distribution of the 3D simulation, e.g. Truss et al. (2000, fig. 8 ).
R E S U LT S
Having demonstrated the occurrence ± and importance ± of stream±disc overflow, we now examine the influences of different parameters on the form and strength of this effect and its consequences.
The influence of the mass transfer rate
It is not an easy task to measure the mass transfer rate from the secondary. Estimates from observations can easily span one order of magnitude or more. Furthermore, we know, e.g. from observations of polars, where variations in brightness are a direct sign of changes in the mass transfer rate, that the mass transfer is highly variable. On the other hand, the theoretical understanding of the mass transfer is also far from perfect. There is a lower bound on the mass transfer rate from gravitational radiation. But this is a rather long-term process, and other observations prove that the mass transfer rates change considerably on time-scales of weeks and days. So the actual mass transfer rate can differ vastly from the value deduced from gravitational radiation alone; it is certainly higher than that.
If the mass transfer rate has a strong influence on the stream± disc overflow, it might be possible to gain some additional information about the mass transfer rate from the secondary from observational features of the overflow. To check for this, we made simulations with mass transfer rates of 10 210 , 10 29 and 10 28 solar masses per year. We used the similar systemic parameters of the intermediate polar DQ Her with an almost isothermal equation of state and of the dwarf nova IP Peg with a polytropic coefficient g 1X1X
When the simulated discs are seen face-on, they look very similar. Most of the infalling material can overflow the disc, as in the 3D case in Fig. 5 . The picture changes somewhat when the discs are seen edge-on. In the case of DQ Her with polytropic coefficient g 1X01 the radial and azimuthal distribution of the overflowing gas is virtually the same for all three mass transfer rates (see Fig. 6 , plots in the first and second columns from the Table 1. left). As particles in the simulation with high mass transfer rate are more massive, the absorption power of the gas above the disc plane should be stronger and the absorption dips deeper than in the low mass transfer rate case. If the disc is this large ± the radial expansion of the disc at the stream±disc impact region is 55 per cent of the distance from L 1 to the WD ± and in a thin, cold state, absorption dips are expected only for inclinations above <758 at orbital phases 0.7±0.8. Given the fact that the mass transfer rates in these simulations of DQ Her differ by one order of magnitude, the similarity in the stream behaviour is an indicator that a substantial part of the accretion stream can overflow the disc in many different systems. The differences in the behaviour of the stream overflow are more dramatic in the simulation of IP Peg (Fig. 6 , third and fourth column). This is not very surprising, because the mass transfer rates here differ by 2 orders of magnitude. The face-on views of the discs all look very similar to the one in Fig. 5 and therefore have been omitted here. The disc in the simulation with high mass transfer rate is considerably thicker than the one in the simulation with low mass transfer rate. This has consequences for the stream overflow. In the low mass transfer rate case the part of the accretion stream that flows over the disc surface is not as strongly deflected vertically as in the high M Ç case. Absorption dips in this case can only be expected for systems with inclinations of at least 758. The overflowing gas bounces off the disc surface after hitting it at about orbital phase 0.5 close to the circularization radius. In this way a second region with gas high above the disc plane arises, possibly giving way to another region of X-ray absorption around phase 0.2, as observed in the LMXB XB 1916-053 (Hellier, Garlick & Mason 1993) . This is not the case in the simulation with _ M 10 28 M ( yr 21 X Apparently, the stronger shock interaction at the impact point with the relatively dense disc extracts enough kinetic energy from the stream to trap overflowing particles at the disc surface when hitting the disc at phase 0.5. Here, absorption dips are to be expected around phase 0.7 only but also for systems with smaller inclination i > 708X We conclude that strong absorption dips at phase w < 0X7 together with no absorption dips around phase 0.1±0.3 in high-inclination systems might be a sign of a fairly high mass transfer rate.
Different thermal states of the disc
As already mentioned, we use a polytropic equation of state, p G @ g . A polytropic coefficient of g 1X0 represents an isothermal gas, where all heat produced is immediately radiated away and not stored as internal energy of the gas. A coefficient of g 5a3 denotes the adiabatic case, i.e. all heat produced is On the left side the distribution of all particles is shown, on the right side only particles inserted during the last orbital period are plotted. Owing to the different masses of disc and stream particles m s am d 1a20Y the particle density is not a measure of the physical density. The 2D disc is rather circular; the inflowing matter of low specific angular momentum is stored at the outer rim. This limits disc growth and spawns spiral density waves travelling inwards. The 3D disc is tidally further evolved as can be seen by its elongated form perpendicular to the system axis. This is because infalling gas can flow over and under the disc and settles mainly close to the circularization radius. The disc growth is therefore not hindered as in the 2D case. A dense region builds up at the outer edge. It is caused by the tidal influence of the secondary, not the stream, because it consists mainly of disc particles. No spiral waves are launched. Spirals also have not been observed in quiescent discs of dwarf novae. In the upper half the detached panels show the projection of the stream particle distribution in the x±z plane, i.e. the view is such that the secondary is to the left. The lower half shows a projection in the y±z plane, i.e. one is looking along the system axis and the secondary is behind the disc. The other panels show the distribution of overflowing particles as seen from the white dwarf. The horizontal axis is the orbital phase, the L 1 point is at phase 0 and the stream±disc impact region is located around phase 0.9. The vertical axis is the angle between a particle and the orbital plane when seen from the WD centre. There is no visible difference in the distribution of the stream particles for both simulations with 2 _ M 2 10 210 M ( yr 21 and with 2 _ M 2 10 29 M ( yr 21 X All show a region with gas flowing over the disc at a moderate altitude at phases 0.9 to 0.6 and a second weaker region of lesser altitude at phases 0.4 to 0.15. The disc in the fourth simulation with 2 _ M 2 10 28 M ( yr 21 is thicker and therefore able to extract more energy from the infalling gas stream. This leaves the overflowing gas with too little kinetic energy to bounce off the disc surface. So there is no second gas-rich region above the disc plane around phase 0.3 in this case.
converted into internal energy of the gas. In our simulations we use values of the polytropic coefficient g 1X01Y 1.1, 1.2 and 5/3, hoping to cover a parameter range wide enough to account for different states of accretion discs in these binaries. Simulations with these parameters were performed using the systemic parameters of IP Pegasi and U Geminorum.
In the simulations with the systemic parameters of U Gem (Fig. 7) , a mass transfer rate of 2 _ M 2 10 29 M ( yr 21 has been Figure 7 . Simulations of the dwarf nova U Geminorum using different values of the polytropic coefficient g. From top to bottom: g 1X01Y g 1X1Y g 1X2 and g 5a3X In the left panel of each row, the distribution of the underlying disc particles is shown for the different values of g. From the radial extensions of the discs, one can see that these discs are not yet fully developed but are still in a state of growth. Simulations with fully evolved discs, in this case of the dwarf nova IP Peg, are presented in Fig. 9 . In the middle and right panels we show the distribution of the particles from the accretion stream (i.e. particles inserted during the last half orbital period). There is not much difference between the simulations. The infalling matter is distributed relatively even across the disc surface. For smaller g, more matter settles close to the circularization radius. The stream overflow in all cases does not reach a large altitude above the disc plane. In all cases some matter from the stream overflow bounces off the disc surface after hitting it close to phase 0.5, leading to a second region with gas from the accretion stream above the disc plane at around phase 0.25. See also Fig. 8 for plots of the azimuthal distribution of the stream particles as seen from the white dwarf.
assumed. The disc is not evolved completely, i.e. the disc sizes are relatively small and still in a state of growth. The dense structure at the outer disc rim (as seen in the left column of plots in Fig. 7) is probably a combined effect of the beginning tidal influence of the secondary and the accretion stream. The accretion stream itself is displayed in the middle and right columns of this figure. From the face-on view one can tell that again most of the infalling matter is distributed over the whole disc radius rather than stopped at the stream disc impact region and trapped in the outer parts of the disc. For smaller values of the polytropic coefficient, more of the matter from the accretion stream settles around the circularization radius and less matter stays at the outer rim. For larger g, more matter is trapped at the rim, and the distribution of the matter from the stream overflow is rather uniform after settling on the disc surface. This difference can be interpreted as an effect of the larger disc thickness for larger g. For an impression of the relative disc thickness see the left side of Fig. 8 , where one can also see that the altitude of the stream overflow above the disc is rather low. Absorption dips around phase 0.7 can be expected only for systems with an inclination of 758 or more. All four runs show also a small amount of matter from the stream that bounces off the surface after hitting the disc at around phase 0.5, leading to a second region around phase 0.2 to 0.3 where gas from the accretion stream is above the disc plane. But this region is probably too close to the disc plane to lead to any absorption of X-rays from the primary even for high inclination systems. In Fig. 9 , SPH particle distributions from the simulations of IP Pegasi are shown. The discs here are fully viscously evolved and truncated by the tidal influence of the secondary. The tidal forces from the secondary lead to the dense structures at the outer disc rim (Fig. 9 , left panels). The structure of the outer disc rim is of great importance for the stream±disc interaction. Therefore, it is inevitable to include the full Roche potential in the simulations. These structures become stronger with larger polytropic coefficient g. The reason for this is that for larger g the evolution of the disc, i.e. the growth of the radial disc size, is somewhat faster. The disc of the nearly isothermal simulation g 1X01 has just reached its final size, whereas the discs in the other simulations have reached this point earlier, and the secondary was able to act tidally on the disc rims longer. All discs have been evolved for 100 orbital periods. The different strength of the characteristic rim structure for different values of the polytropic coefficient has some influence on the stream±disc interaction and the amount of stream overflow. The larger the polytropic coefficient, the more gas from the accretion stream is stopped at the bright spot region. Correspondingly, more matter flows to smaller disc radii for smaller values of g. But in all cases most of the gas flows over and under the disc surface. The differences between the simulations are even less than in the case of the still evolving discs in the simulations of U Gem. Looking at Fig. 8 , one can see that for these fully evolved discs the height that the stream overflow reaches above the orbital plane is marginally larger than in the previous simulations, especially for larger g. The second gas-rich region above the disc plane around orbital phase 0.3 is missing Figure 8 . Azimuthal distribution of overflowing particles as seen from the white dwarf. The horizontal axis denotes the orbital phase, while phase 0 corresponds to the position of the inner Lagrangian point. The accretion stream hits the disc rim at approximately phase 0.9. The vertical axis shows the angle at which a particle would be seen from the white dwarf. This indicates at which orbital phase and inclination absorption of X-ray radiation from the white dwarf surface or the boundary layer is expected to be caused by stream overflow. The simulations were made using the systemic parameters of the dwarf novae U Geminorum (left) and IP Pegasi (right) with different values of the polytropic coefficient. From top to bottom: g 1X01Y g 1X1Y g 1X2 and g 5a3X The mass transfer rate in the simulations of U Gem was set to 2 _ M 2 10 29 M ( yr 21 in all four cases. In the simulations of IP Peg, 2M Ç 2 was set to 10 210 M ( yr 21 in the cases of g 1X01 and g 1X2X In the simulation with g 1X1 a value of 2 _ M 2 10 28 M ( yr 21 was used, and finally in the adiabatic case we have used 2 _ M 2 10 211 M ( yr 21 X completely. We think that this is a result of the fact that for a larger disc radius the accretion stream has gained less kinetic energy before hitting the disc rim and is losing more kinetic energy during the interaction. The stream overflow then is more diffuse and spray-like, and the re-impact on the disc surface occurs earlier (i.e. at a later orbital phase). The re-impact is less energetic than with a smaller disc; the matter rather rains down on the disc surface and becomes entrained in the disc right away. From these simulations we expect large quiescent discs not to show any X-ray absorption dips around phase 0.2 which originate in the stream overflow.
Influence of the stream thickness
The stream width and height are proportional to the sound speed of the gas at the L 1 point and therefore depend on the temperature of the secondary. It is very likely that the secondaries do have starspots. When a starspot covers the L 1 region, the local Figure 9 . Simulations of the dwarf nova IP Pegasi using different values of the polytropic coefficient g. From top to bottom: g 1X01Y g 1X1Y g 1X2 and g 5a3X The arrangement of the panels is exactly as in Fig. 7 ± see the caption there. Unlike Fig. 7 , the discs have reached their full size. In this case no second overflow around orbital phase 0.3 is visible. See also Fig. 8 for plots of the azimuthal distribution of the stream particles as seen from the white dwarf.
temperature drops and the stream thickness will be smaller (as well as the mass transfer rate). On the other hand, when the L 1 region is irradiated by X-rays from the white dwarf or the boundary layer, the local temperature could be considerably higher than the average surface temperature of a single M or K type star. In Fig. 10 we present results of simulations with a thinner stream. The scaleheights and widths are compressed by a factor of 2.5 compared with the previous mentioned simulations of IP Peg (see Fig. 9 ), otherwise the parameters are the same. The plots in Fig. 10 again show the distribution of the`stream' particles, i.e. particles inserted during the last 0.5 orbital periods. Although here the stream is thinner than the disc, the form of the stream overflow and the distribution of the stream particles on the disc surface is the same as for a thicker stream. The thicker adiabatic disc can stop a larger part of the accretion stream at the outer rim of the disc, whereas the accretion stream settles mainly in a small ring at the circularization radius for the isothermal case. The altitude that the stream overflow reaches over the disc surfaces is comparable to the result of the previous simulation; X-ray absorption dips are to be expected for systems with inclinations of 758 and more. There is no stream overflow noticeable at orbital phases around 0.2.
A period of increased mass transfer
As already mentioned, the mass transfer rate from the secondary in cataclysmic variables is not stable. This leads to the question of how the stream disc interaction changes in a period of enhanced mass transfer. To simulate this, we took a disc that was evolved with a mass transfer rate 2 _ M 2 10 210 M ( yr 21 and subjected it to a mass transfer stream of 10 29 M ( yr
21
. The results of this simulation are shown in Fig. 11 . The impact of the infalling gas stream causes the disc rim to shrink. A dense rim is formed. The radial distribution of the infalling gas after settling on the disc surface is very uniform; the tendency to gather around the circularization radius, as in the other simulations, is not observed. The altitude of the disc overflow is smaller than in the other simulations, and the disc rim cannot deflect the dense stream as effectively as in the other simulations. The stream, on the other hand, loses less kinetic energy in the shock interaction at the Fig. 9 , the stream scaleheight and width are compressed by a factor of 2.5, making the stream effectively thinner than the disc at the outer rim. The left column shows particle distributions from a simulation with nearly isothermal equation of state, the right column is derived from a simulation with adiabatic equation of state, and in the simulation displayed in the middle column the polytropic coefficient was set to 1.2. Displayed are particles inserted during the last half orbital cycle. The upper row shows the distribution of the overflowing matter projected on to the orbital plane, while the middle row shows edge-on views of the discs from two perspectives, namely perpendicular to and along the system axis. The lower row shows what the stream overflow would look like when seen from the white dwarf. Differences to the simulations with a thicker stream (see Figs 8 and 9) are only marginal. This shows that a substantial fraction of the accretion stream flows over the disc surface directly to inner parts of the disc even when the disc rim is geometrically thicker than the accretion stream at the impact region. impact point. So in this case the second region around orbital phase 0.25 where gas from the stream is elevated above the disc plane is comparable in altitude, extension and density to the primary overflow region. Because the stream overflow is so shallow, absorption dips are expected only for systems with an inclination of 808 and more. If such a system happens to be observed during a mass transfer burst event, two absorption regions around orbital phases 0.75 and 0.25 should be present. The observation of such a feature in a dwarf nova directly before the rise to outburst could add some support to the currently out-offashion mass transfer instability model for dwarf novae outbursts.
D I S C U S S I O N
The disposition of overflowing material
As we have seen in the previous sections, stream disc overflow is present at all thermal states of the disc, at different mass transfer rates from the secondary, and for different stream and disc heights, for a variety of systems with different mass ratios and periods. In Fig. 12 we present the radial distribution of the overflowing material, omitting any non-axisymmetric properties. These plots demonstrate that stream disc overflow must be considered a prominent and important feature in probably all systems where Roche lobe overflow feeds an accretion disc. In the case of U Gem, where the disc was not fully evolved, 60 per cent of the infalling matter from the accretion stream settled directly within a radius of 30 per cent of the distance from the WD to the L 1 point. Only the thicker disc in the adiabatic simulation was able to keep most of the gas at larger radii, but also in this case only about 10 per cent of the accretion stream was stopped at the outer rim. This picture changes somewhat for the large, evolved discs of the simulations of IP Peg, where only 40 per cent of the matter settles within the 30 per cent radius and about 20 per cent of the matter was kept at the outer rim. Here, the difference between different values of the polytropic coefficient g is only marginal with respect to the radial disposition of the stream matter.
Structure of the disc rim
Spiral structures in dwarf novae accretion discs occur in many numerical simulations and have indeed been observed in the dwarf novae IP Peg and EX Dra in outburst (Steeghs, Harlaftis & Horne 1997; Joergens, Spruit & Rutten 2000) . Spiral structures are not observed in quiescence. Why do they occur in numerical simulations? Actually, in our simulations they are only seen in 2D calculations. This is because in 2D simulations new material of low specific angular momentum is always stored at the outer edge of the disc, inhibiting further growth of the accretion disc radius. 29 M ( yr 21 set in, edge-on view perpendicular to the system axis and along the system axis. Bottom left: face-on view of the stream particles. Bottom right: the distribution of the overflowing particles as seen from the white dwarf. The horizontal axis is the orbital phase, the vertical axis is the angle of a particle with respect to the orbital plane. The radial size of the disc is strongly compressed by the massive accretion stream. Unlike in all other simulations, the matter from the stream overflow does not settle mainly in a narrow ring around the circularization radius, but is instead distributed uniformly across the disc surface. The second overflow region around phase 0.2 reaches the same altitude and strength as the first one, when viewed from the white dwarf, but is at a different radial position, rather beyond the disc than above.
So, a dense rim builds up and spiral waves are launched at the outer rim.
In 3D simulations, on the other hand, most of the infalling gas settles around the circularization radius close to the inner rim of the disc, and only a small fraction is actually stored at the outer rim of the disc. The disc is larger in size and grows up to the point where further radial growth is prohibited by the tidal influence of the secondary. This effect also results in a region of higher density at the outer disc rim, but no spiral patterns are found. Spirals do show up in simulations of dwarf novae with large mass ratio in outburst, where the viscosity is much larger and the whole disc is distorted by the tidal influence of the secondary (Kunze, Speith & Riffert 1997 ).
Absorption dips
The absorption dips seen in many CVs and LMXBs (see Fig. 1 ) are caused by absorbing matter above the accretion disc plane. One potential process that may bring gas into the region of interest is the interaction of the infalling gas stream from the secondary with the rim of the accretion disc. A bow shock develops at the impact region. The infalling gas stream is deflected there and parts of it are elevated above the disc plane. The results of our simulations show that this effect can bring absorbing matter to altitudes of about 208 to 258 above the disc plane so that absorption dips at orbital phase 0.7 to 0.9 in systems with inclinations of at least 658 to 708 can be produced by stream The lower panel shows the radial distribution of the simulation of IP Peg with a suddenly enhanced mass transfer rate. Save for the last simulation, in all cases most of the gas from the accretion stream settles quickly in a ring around the circularization radius, rather than being stopped at the bright spot region and kept in the outer parts of the disc. The mass transfer burst, on the other hand, compresses the outer disc radius. The infalling gas is distributed rather uniformly across the disc surface.
overflow. The rarely observed absorption dips around phase 0.2 might also be caused by the accretion stream overflowing the disc surface. For rather small discs or in case of a sudden increase in the mass transfer rate from the secondary, some of the overflowing gas bounces off the disc surface after hitting it at around phase 0.5, leading to a second gas-rich region above the disc plane at orbital phase 0.2.
Stream overflow and dwarf nova eruptions
Schreiber & Hessman (1998) calculated outburst light curves of dwarf novae, taking into account the effects of stream disc overflow by adding infalling matter from the secondary not only at the outer rim of the disc but also at smaller radii. Using overflowing fractions of 10 to 40 per cent, they found an overflow fraction of 25 per cent of the infalling matter to be sufficient to alter the outburst behaviour considerably, mainly by prolonging the duration of the outburst. Their mechanism of stream disc overflow differs from our results in the following way. The (vertically) inner part of the stream is always stopped at the disc edge, whereas the outer parts, i.e. the parts of the stream outside the disc height, can skim over and under the disc surface. Our simulations, however, show that also parts of the stream that hit the rim of the disc can flow over the disc after undergoing the shock interaction at the bright spot. This also explains why there is also a large fraction of overflow for relatively thick discs, further stressing the importance of this effect for all possible states of the disc. Dwarf nova outburst cycles should be recalculated using these new results. We expect the stream overflow to favour insideout outbursts over outside-in outbursts, but this has to be checked with the appropriate codes. Also the evolution of the quiescent discs should be accelerated, because direct deposition of infalling matter at smaller disc radii is obviously much faster than viscous transport from the outer rim through the disc.
Observational signs of stream±disc overflow
Apart from the X-ray absorption dips already discussed, there are other possibilities to observe signatures of stream overflow, also in other wavelength regimes. The method of Doppler tomography of accretion discs (Marsh & Horne 1988) uses phased spectra of emission regions to construct 2D maps of the accretion disc in velocity space. Although this method leaves some ambiguities ± spatially separated regions in the binary system can have the same velocity ± it is usually possible to ascribe regions in velocity space to certain spatial regions of the system. In Fig. 13 we show the energy dissipation in a simulation of the accretion disc of OY Carinae, an SU UMa type dwarf nova. Here, the disc is in quiescence. One can clearly distinguish two bright regions: the usual bright spot, where the stream hits the disc rim, and a secondary bright region where the overflowing stream re-enters the disc close to the inner edge of the disc at orbital phase 0.5. On the right side of Fig. 13 this disc is displayed in velocity space. The outer parts of the disc have a smaller Keplerian velocity than the inner parts, so in the velocity map the disc is seen`inside out'. For clarity, the surface of the secondary and the position of the primary are shown. The bright spot region is a mix of velocities from the stream and the disc and covers a relatively large region in the lower quadrant of the plot. The secondary bright region lies near zero velocity in the x direction. This feature should be observable in quiescent discs of dwarf novae. Indeed, Neustroev (1998) found an Hb emission region at the appropriate position in Doppler maps of the peculiar dwarf nova WZ Sagittae. Skidmore et al. (2000) also investigated the accretion disc of WZ Sge using Doppler tomography methods. They found maximum emission not exactly at the estimated bright spot region but rather on the stream trajectory further downstream. They ascribed this feature to the stream penetrating the disc, but because the Doppler mapping method cannot resolve any vertical features, this emission can also be a sign of stream±disc overflow.
CONCLUSION
Our 3D simulations of the stream±disc interaction in cataclysmic variables show that stream±disc overflow is an important feature in semidetached binaries. This holds for a wide range of orbital periods and mass ratios, and also for different thermal states of the disc, mass transfer rates, disc sizes and stream heights. The observational features of this overflow are the phase 0.7 absorption dips in high-inclination CVs and LMXBs. The re-entry region of the Figure 13 . Simulation of the stream±disc overflow in the SU UMa system OY Carinae in quiescence. The left plot shows a face-on and an edge-on view of the distribution of SPH particles in spatial coordinates, whereas a 2D projection of the same particle distribution in velocity space is shown in the plot to the right. This corresponds to a Doppler tomogram of the disc. The grey-scale shows the energy dissipation of the disc. One can distinguish two bright regions, the bright spot and the region where the overflowing stream re-enters the disc.
overflowing stream on to the disc around orbital phase 0.5 is also a region of enhanced energy release that should be observable, probably best by Doppler tomography. Under certain conditions, a portion of the stream overflow is able to bounce off the disc surface again after hitting it at phase 0.5 and is elevated above the disc plane at orbital phases around 0.2. This effect is most prominent when the mass transfer rate from the secondary rapidly increases or when the disc radius is small. The altitude of this second stream overflow above the disc plane can reach the altitude of the original stream overflow at phase 0.7. In some cases, absorption dips indeed have been observed around orbital phase 0.2. Our simulations show that most of the infalling matter from the secondary flows directly to the inner parts of the disc and becomes entrained in the disc in a narrow ring around the circularization radius rather than being stopped at the outer parts of the disc. We expect this behaviour of the accretion stream to have a profound influence on the evolution of the accretion disc in quiescence, because no viscous transport mechanism is necessary. Also, the outburst itself is expected to be affected, as the results by Schreiber & Hessman (1998) show that overflow ratios of only 25 per cent already alter the outburst cycle considerably.
